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1. Introduction
At the RAN1 Ad Hoc on LTE in Sophia-Antipolis, a baseline downlink OFDM numerology [1] was agreed upon, making it possible to efficiently proceed with the detailed downlink (DL) design (including pilot designs, control channels, MIMO schemes, etc.).  In this contribution the performance and tradeoffs of some promising DL MIMO-OFDM schemes are investigated for EUTRA. 

For the data channel it is proposed to use closed-loop techniques (with switching options between single and multi-stream) as much as possible.  The reason for emphasizing closed-loop techniques is because of the higher potential gains over open-loop techniques.  Two promising closed-loop options for both single and multiple data streams in FDD operation are:
1. The UE computes and feeds back the transmit weights using a codebook method [8].  

2. The UE provides the Node B with DL channel estimates using Direct Channel FeedBack (DCFB)[7].

For TDD operation, an additional option becomes possible based on the reciprocity between the DL and UL RF channels. The simplest way to take advantage of the reciprocity is to transmit pilots on the UL channel, which is referred to as uplink channel sounding. Based on the received pilots, the Node B measures the uplink channel to each of its antennas and then translates these measurements to downlink channel estimates.  The DL transmit weights are then computed based on the DL channel estimates. Note that for codebook feedback and DCFB, no array calibration is necessary whereas with uplink sounding, the base must calibrate its uplink and downlink RF hardware.
While multi-stream MIMO is a promising method to meet E-UTRA’s peak data rate requirements, we should ensure that candidate algorithms’ complexity and performance compare favorably against techniques already in use for UTRA.  This is consistent with, for example, the use of 6 sectors as a reference case that has already been agreed in the UTRA MIMO work [10], as well as the general E-UTRA requirements.
2. Recommendations for Downlink 2 and 4 Antenna MIMO Design
Downlink MIMO techniques, both closed loop and open loop, should support the overall LTE requirements [3] and the goal of a competitive 3GPP long term evolution.  The downlink MIMO techniques should support the following requirements.

MIMO requirements:

· Enable peak data rates of at least 100 Mbps for 20 MHz (5 bps/Hz)

· Increase the bit rate at the cell edge

· Enable solutions for up to four Node-B transmit antennas and 2 Rx antennas at UE

· Per [3]: Optimized for speeds up to 15kph, high performance 15 to 120kph, functional up to 350kph 

· Improve the spectrum efficiency (3 to 4 times Release 6 HSDPA)
· Excellent performance in the Typical Urban (TU) channel specified in [1] (5 (sec excess delay)

· Reasonable system and terminal complexity, cost, and power consumption

· System capacity gains must justify increase in feedback overhead for closed-loop MIMO methods

· Limit the number of options

Additional desired capabilities:

· Capability to support dedicated pilots

· Support for Tx-SDMA

· Closed-loop techniques preferred over Open loop techniques

· Switching between single and multi-stream based on channel quality

· Leverage the increased total power of multiple transmit antennas even for control channel transmissions

3. Promising Channel/Transmit Weight Feedback Techniques 
Since there are a large number of multiple antenna array techniques, listing those techniques that appear most promising at an early stage may help build consensus about which methods merit in depth study.  Two MIMO approaches
 are therefore listed that in our view appear promising for both single and multiple stream MIMO: codebook feedback and Direct Channel FeedBack (DCFB).
Before presenting the details, it should be noted that there is typically antenna correlation present at Node B even in high mobility that can be exploited by closed-loop techniques to still provide a gain over open-loop techniques.  Therefore closed-loop operation can be used at all UE speeds, but the manner in which the transmit weights are calculated may change.  For example at low speeds the UE can provide Node B with codebook weights/channel estimates that track the frequency selectivity, and for high speeds the UE can provide Node B with a decimated (across frequency and/or time) version of the channel (which can be used to determine the long-term channel statistics) or a single codebook weight designed to the long-term statistics of the channel.

Codebook Methods for a Single Data Stream

For single data stream transmission, two options are possible with codebook methods.  First, a single codebook weight can be chosen across all subcarriers where the codebook weight is chosen to best match the long term statistics of the channel.  Another option is to track the frequency selectivity of the channel by choosing a different codebook weight for different blocks of subcarriers.  Obviously the second option requires significantly more feedback than the single weight option, but better performance is obtained by tracking the channel variations across frequency.
Codebook Methods for Multiple Data Streams
One option for obtaining the transmit beamform weights at Node B is for the UE to determine a single transmit weight for each data stream along with an optional power weighting on each stream.  A different codebook weight is chosen by the UE for each data stream from a codebook of B bits where the codebook is designed using some reasonable criteria such as what was done in [8].  Then the UE has the option to choose a power weight for each data stream based on a criteria suited for the UE’s receiver implementation.  For example if the UE implements a successive cancellation reception method, then the UE might choose power weightings on each stream that makes the post-detector MSE equal on each data stream.
Note that either a single transmit weight per stream can be fed back for the entire downlink bandwidth, a single transmit weight per stream can be sent for the downlink assignment to the UE, or multiple transmit weights per stream can be sent back which vary across the UE’s downlink assignment in order to track the frequency-selectivity of the channel. 
Direct Channel FeedBack (DCFB) for Low to Moderate Speed

To obtain the full gains of beamforming techniques such as Maximal Ratio Transmission (MRT), Transmit SDMA (Tx-SDMA), and closed-loop MIMO, the Node B should ideally have channel knowledge from all Node B transmit antennas to all UE receive antennas on each OFDM subcarrier.  DCFB [7] is a means of providing broadband channel estimates to the Node B with low computational complexity at the UE and reasonable amounts of feedback.  DCFB has a lower computational complexity at the UE than codebook methods [8] because while both methods need to perform downlink channel estimation, codebook methods require the UE to perform significant calculations to determine the transmit weights.  With DCFB, the UE performs a relatively simple encoding of the channel estimates and Node B performs the additional calculations to determine the transmit weights.  Based on the channel estimates at Node B, the transmit weights can easily be calculated for various multi-antenna transmission strategies (e.g., to support adaptive switching between maximal ratio transmission, Tx-SDMA, etc.).

In summary, DCFB operates as follows.  First, the UE estimates the downlink channel from all transmit antennas at Node B to all of its receive antennas.  Next the UE transmits these responses back to Node B using a DCFB waveform in place of the usual data symbols.  Node B then equalizes the received feedback signal and recovers the channel information by using standard channel estimation techniques.  As shown in [7], using signal processing techniques, multiple channel responses (from different transmit antennas) can be encoded together and sent back in a single feedback message (i.e., in a single IFDMA/DFT-SOFDM symbol on the uplink), making the feedback very bandwidth efficient.  Additional gains in bandwidth efficiency are provided by allowing multiple UEs to transmit their feedback on the same time-frequency resource in an uplink SDMA fashion.

It should be noted that the DCFB waveform given in [7] has a Peak to Average Power Ratio (PAPR) that is similar to that of OFDM.  When sending this waveform in an OFDM system, the PAPR is no different than regular OFDM and does not pose a problem.  However, assuming that the EUTRA uplink will employ a low PAPR communication method such as IFDMA or DFT-S-OFDM, the PAPR of DCFB should also be low.  To keep the PAPR of DCFB low, it is proposed to clip the amplitude of the DCFB waveform to a level that gives it a PAPR similar to 16-QAM. 
DCFB for High Speed

At high UE speeds (e.g., greater than 120 kph) the benefits of obtaining full channel knowledge with DCFB (or any other closed loop technique that tracks the frequency selectivity of the channel) become limited by channel variation because the channel changes between the time it was measured and when it is used for transmit beamforming.  However, the channel typically still has long-term statistics that do not change rapidly in time even for high UE speeds.  In this case a reasonable beamforming method is to design weights matched to the long-term statistics of the channel (e.g., finding weights as the largest eigenvector of the spatial covariance matrix of the channel averaged over frequency and/or time).  Since the beamforming weight is matched to the long-term statistics of the channel, only a single transmit weight needs to be used over all subcarriers in the UE’s allocation.  As mentioned earlier, codebook methods can easily be used in this situation.  However, DCFB can also be used for this case.  For high UE speeds, instead of trying to obtain the broadband channel at all subcarriers, a decimated version (across frequency) of the downlink channel can be fed back using DCFB.  The decimated version of DCFB is designed to have just enough samples across frequency so that the long term statistics can be determined by Node B yet still keep the feedback overhead low.

Tradeoffs in Codebook and DCFB 

Some advantages of DCFB are that it keeps the computational complexity low at the UE while still tracking the channel variations in frequency, and it since it provides channel estimates (rather than quantized transmit weights) to the Node B, it provides the flexibility of supporting various Tx weight calculation strategies. An advantage of codebook methods is that codebooks can have lower feedback overhead when tracking the frequency selectivity of the channel is not required (e.g., when only a single transmit weight is used over a large bandwidth).

4. Additional Option for the TDD Mode
Obviously methods designed for FDD can also work in TDD.  However, because the uplink and downlink RF channels are reciprocal, additional gains and simplifications over the codebook and DCFB feedback methods may be possible by using uplink sounding.  Basically, sounding works by one or more UEs sending pilot signals on the uplink.  Then Node B measures the uplink channel from each of its antennas to each UE.  Node B can then translate these uplink channels into downlink channels by using array calibration data.  Note that the uplink pilot symbols could be part of regular uplink data traffic, part of CQI feedback, or possibly separate from either case.

Although sounding requires calibration of RF chains at the Node B, it has some unique properties that merit consideration:

1. Uplink sounding will operate with any number of antennas at Node B.  Thus it is simple for Node B to add more antennas in the future and no change needs to be made to the standard.

2. Extremely low complexity at the UE.  The complexity is almost entirely at Node B since all the UE has to do is transmit pilot symbols on the uplink.  For feedback-based methods, the UE has to estimate the downlink channel and then compute and transmit a feedback message.

3. Low delay can be achieved between the channel measurement at Node B and the use of the measurement for transmit beamforming (i.e., the uplink sounding can be performed at the end of the UL portion of the TDD frame).  The enables the benefits of closed loop techniques to be extended to higher velocities. On the other hand, when using feedback methods in TDD, the minimum latency is the entire uplink portion of the TDD frame since the measured downlink channel (on the downlink previous to when beamforming is performed) is the basis of the feedback message.

When performing sounding separate from data or CQI traffic, Node B instructs the UEs when, where, and how to send uplink pilots.  For example Node B could instruct multiple UEs to sound the channel on the same tones using a cyclic phase shift similar to the downlink pilot design in [2].  In this case the pilots sent on the uplink for UE m are given by:
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where s(k) is a pilot sequence shared by all UEs sounding the same time-frequency resource (e.g., a sequence with low PAPR like a GCL sequence) and P is the max cyclic shift index (e.g., P=4 if four UEs are simultaneously sounding the uplink).
Once Node B has the full broadband channel knowledge, a wide range of beamforming techniques are possible such as maximal ratio transmission, Tx-SDMA, and eigen-beamforming where Node B uses the long-term channel statistics to generate transmit weights.

5. Preliminary Performance Results

Results are given for the three methods of obtaining transmit weights using the 5 MHz bandwidth (i.e., 300 subcarriers are used for data, the DC subcarrier is skipped in the data allocation, and the FFT size is 512).  A COST-259 channel model was used with a single scattering zone with a 2 (sec RMS delay spread, a 15 degree angular spread at Node B, and stationary UEs.  The 3GPP turbo code was used and both QPSK and 16-QAM modulations were considered.  For all methods only a single uplink symbol interval was used for sounding or feedback.  For uplink sounding, the UE sends pilots on all subcarriers on a single symbol interval (in actual implementation, up to six UEs could sound on the same symbol interval).  For DCFB, the DCFB feedback waveform is sent over one symbol interval and is mixed with pilot symbols so the base can estimate the uplink channel (which is used to detect the DCFB waveform).  For codebook feedback, the feedback message is turbo-coded and mixed with pilot symbols.  The amount of uplink channel resources utilized by the different methods is the same, and a codebook of 32 weight vectors is used (i.e., 5 bits are used per weight).  Since codebook feedback is limited, a codebook transmit weight is fixed over 21 (11) subcarriers when rate 1/2 (3/4) QPSK is used for the feedback message.  Thus a tradeoff is possible for codebook feedback between better frequency tracking and the possibility of increasing the number of feedback errors by using a higher code rate.
Figure 1 shows downlink FER results for a single data stream to a single UE in TDD for sounding and FDD for both feedback methods.  The uplink SNR is either 0 dB or 5 dB, and the UE has one receive antenna. The codebooks are chosen to maximize the received signal power and maximal ratio transmission weights are used for both uplink sounding and DCFB.  The performance of uplink sounding is seen to be fairly close to the case of ideal downlink channel knowledge at the Node B.  DCFB and the 5 bit codebook have fairly similar performance.  Clearly, the two feedback methods are viable techniques for FDD operation.
Figure 2 shows downlink FER results for Tx-SDMA with two UEs.  In this case two UEs sound the uplink in uplink sounding and for DCFB, two UEs send their DCFB waveforms on the same time-frequency resource in an SDMA fashion on the uplink.  Each UE has a single antenna and Node B has four antennas. These initial results indicate that multi-user beamforming techniques such as transmit SDMA are possible in EUTRA, although system level results will be needed to determine whether they provide significant gains over other closed loop strategies. 
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Figure 1.
Downlink beamforming FER results for four antennas at Node B and a single UE for an uplink SNR of 0 dB (left) and 5 dB (right).  The codebook feedback uses rate 1/2 QPSK for an uplink SNR of 0 dB and 3/4 QPSK for 5 dB.  Note that uplink sounding is only applicable to TDD.
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Figure 2.
Downlink Tx-SDMA FER results for simultaneous transmission to two UEs on the same channel resources.   Four antennas at Node B and one antenna on each UE.  The uplink SNR is either 5 dB (left) or 10 dB (right).  Note that uplink sounding is only applicable to TDD.
6. Further Investigations
Note that the codebook results were shown only for a 5 bit design (based on [8]) - the performance of other codebook designs to further improve performance should also be investigated in the future.  Also, for DCFB, the impact of PAPR reduction should be investigated. The intent with these initial results is simply to investigate the viability of the sounding, DCFB and codebook schemes.
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Appendix :Baseline Downlink OFDM Parameter Set 
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� Considering that the Typical Urban channel does not represent a worst-case channel that may be encountered in the field, and that closed-loop techniques are optimal when they track the frequency selectivity of the channel, the MIMO design should also work well for more severe channels (e.g., Bad Urban, Hilly Terrain) (10 (sec excess delay, 20 (sec excess delay, respectively).


� It should be noted that these solutions are primarily intended for FDD operation and that other more efficient methods of obtaining channel knowledge at Node B are available for TDD since the uplink and downlink RF channels are reciprocal.  In TDD, uplink traffic can be used to compute the downlink transmit weights or the UE can sound the uplink on the subcarriers that Node B will transmit on the downlink.
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